Since the classical studies of Grosser1" the classification of mammalian placental types has been based upon the number of tissue layers separating the maternal vascular system from the fetal vessels and across which the diffusable materials essential to intrauterine development must move from the maternal to the fetal plasma. Grosser's classification is based on the concepts: (i) that in phylogeny as in ontogeny the simplest or primary stage in placentation is one in which the barrier consists of the following intervening structures-the maternal vascular endothelium, the maternal connective tissue, the maternal epithelium, the cavity of the uterus, the chorionic epithelium, chorionic connective tissue and endothelium; and (ii) that the phylogenetic development of the placenta involved the destruction of the tissue layers separating the maternal blood from the uterine cavity one after another as in implantation during ontogeny.
First, the maternal epithelium breaks down either before the application of the chorionic epithelium of the embryo to the uterine wall or after the obliteration of the uterine cavity at the site of implantation, i.e., after the apposition or fusion of the fetal and maternal epithelial layers. Next, the maternal connective tissue is absorbed-the endothelium alone remains and finally this, too, is destroyed and the maternal blood bathes the fetal epithelium. From his studies Grosser concluded that only the maternal tissue layers were destroyed in the ontogenetic development and phylogenetic evolution of the placenta and accordingly he assumed the highest type or final stage in development to be that in which the fetal epithelium was in direct contact with the maternal blood; but the more recent observations of Mossman19 demonstrate that there is yet another stage-one in which the fetal epithelium and connective tissue disintegrate. The maternal and fetal bloods are in this stage separated by but a single layer of cells, the fetal vascular endothelium.
The basic phylogenetic pattern of the placenta according to Grosser's scheme-consisting of six layers, three maternal and three fetal, separated by a potential space representing the obliterated uterine cavity-is found in the pig and in the horse. In the ruminants-the sheep, the goat, and the deer-the maternal epithelium is lost to a greater or lesser degree, and in some areas the connective tissue is destroyed. The slit-like cavity of the uter-us disappears through the adhesion of the chorion and maternal epithelium or, after its destruction, the maternal connective tissue. In the carnivores only the maternal endothelium remains to be invested by the fetal chorion. The final stages are illustrated in the primates and rodents; in all of these forms the maternal tissue disappears and the fetal tissues dip into the maternal blood; in the rabbit and guinea pig the fetal epithelium and connective tissue disappear during the final stages of gestation and the maternal blood is in contact with the fetal vascular endothelium.
The nomenclature Grosser suggested for the classification of placentae according to his scheme is as follows: Placentae in which the chorionic epithelium is applied to the uterine epithelium are called epithelio-chorial; those with intact maternal connective tissue, syndesmo-chorial; types in which chorionic epithelium is applied to maternal vascular endothelium are designated as endothelio-chorial, and forms in which fetal chorion is bathed by maternal blood as haemo-chorial. The first part of the combined word gives the last maternal layer through which the diffusable elements pass en route from mother to fetus. Mossman followed this same scheme and classed the final stage of the development of the rabbit and guinea pig placentae as haemo-endothelial. One must recognize that these types or stages are not sharply defined and that a given classification implies only that the layers in apposition over the major part of the surface of contact between fetal and maternal tissues are of the type indicated.
Grosser's scheme for classification is an especially attractive one, based as it is on a consideration of the dynamics of the transfer of materials from the mother to the fetus and vice versa; it has served to focus attention on the r6le the different tissue layers forming the placenta may play in the active transfer or transportation of materials between the two blood streams and on the nature of the barrier each type might provide to limit the transfer of materials that move across the placenta by simple diffusion. Moreover, it leads to a consideration of the manner in which these differences in placental structure influence the mechanisms through which the mother provides the essentials for the fetus and the circumstances affecting the access of the fetus to them.
A variety of aspects of the comparative physiology of the transfer of materials between mother and fetus have been under investigation; the influence of the placental structure on the diffusion of sodium has been analyzed in a series of classical experiments by Flexner"11 and his colleagues Pohl"0"1 and Gellhorn.12 "' Their comparative studies demonstrate quite clearly that the phylogenetic and ontogenetic changes in the structure of the placental barrier are associated with alterations in permeability; the placentae that appear on morphological grounds to be less permeable are indeed less so. Other studies indicate that there are upper limits to the size of the molecule that can move from mother to fetus which are associated with the thickness of the barrier (Brandstrup6); in general, the greater the number of tissue layers separating maternal and fetal blood, the smaller the molecules that gain passage. But there is another aspect of the problem in which I have been interested, i.e., how does the nature of the placenta affect the transfer of oxygen from the mother to the fetus? Specifically, how does it affect the 02 pressure gradient across the placenta and what are the demands put upon the mother to maintain that gradient? As the first step toward the answers to these questions the following studies on the 02 transfer across the syndesmochorial placenta of the sheep were undertaken; similar studies are now in progress on the 02 exchange across the haemoendothelial placenta of the rabbit.
As the first stage in this study I compared the oxygen dissociation curves of normal barren ewes with those fetal and maternal bloods at several stages in gestation; with these curves, if the percentage saturation of a blood sample taken from the fetal or maternal vessel was known, the oxygen pressure in that sample could be estimated. In this way the pressures were estimated in the uterine artery, the uterine vein, the umbilical artery, and umbilical vein. These pressures were used in turn to estimate the gradient between the fetal and maternal bloods at the two ends of the parallel capillary cords in the cotyledon. Finally, as the third aspect of this study, the coefficient of utilization of the uterus and its contents was estimated by subtracting the oxygen content of the uterine vein from that of the uterine artery and dividing the difference by the content of the artery; the quotient multiplied by one hundred gives the coefficient of utilization as defined by Krogh.
MATERIALS AND METHODS
For these studies thirty-three ewes were available; they were good grade sheep, some Dorsets, some Cheviots, and others were Shropshires. They were kept and settled on known dates at a farm outside of New Haven* where they had the run of a good pasture and in the winter months alfalfa hay ad libitum with a daily ration of grain. Of these ewes six were barren; samples of their blood were used for the preparation of normal dissociation curves. The remaining twenty-seven were sacrificed on selected dates following insemination to provide data at fairly regular intervals throughout the entire gestation period. Of these twenty-seven ewes, nineteen bore single lambs and eight twins. The ages of the fetuses on the dates of sacrifice, together with data obtained from the studies of their blood, are indicated in Table 1 .
The ewes selected for study were brought into the laboratory four or five days before the experiment and kept off feed about forty-eight hours. The blood, 50-60 cc., for the dissociation curves of the ewes whether pregnant or barren was drawn from the external jugular vein; the ewes were unanesthetized and usually standing. After the blood was drawn the pregnant ewes were given 1.5-2 cc. of Spinocain subdurally and placed on their backs; the abdomen was then opened by a midline incision that extended from a point just below the xiphisternum to one just above the symphysis pubis. The uterus was gently maneuvered into a favorable position within the abdomen with as little exposure or handling as possible. One of the small veins draining a cotyledon of the central portion of the horn of the uterus occupied by the fetus was selected and without dissection or direct handling a 2-5 cc. sample of blood was drawn from it under oil into a syringe containing a mixture of heparin and fluoride in the dead space to prevent clotting and self-reduction of the blood. The uterus was then opened with a single incision running at right angles to the long axis of the horn and the fetus gently but quickly drawn from the uterus into the abdominal cavity. Samples of blood were similarly drawn from the umbilical vein, the umbilical artery, and the uterine artery as rapidly as possible and with the minimum of disturbance to the fetus and the uterus. After the needles had been removed and the syringes capped they were put into beakers containing ice and water. Finally, a larger quantity, depending upon the age of the fetus and the amount of blood available, was drawn from the umbilical vein for the preparation of the fetal dissociation curve. The number of points determined was in those cases younger than eighty days determined by the blood available.
The oxygen content and capacity of the smaller samples were determined by the manometric method of Van Slyke; these two values were used to calculate the percentage saturation. In the preparation of the oxygen dissociation curves, determinations were usually made of the percentage saturation of the haemoglobin of the blood at four different oxygen pressures, ca. 20, 40, 60, and 80 mm. Hg, except in those cases in which the fetus was younger than eighty days and the volume of blood available was not sufficient for the determination of four points; on No. 54 (62 days) only one point was obtained and but two for each individual on Nos. 59 and 2 (50 and 56 days respectively). Five cc.'s of blood were introduced into tonometers of about 270 cc. in capacity and filled with gas mixtures containing differing amounts of oxygen; sufficient C02 was added to each tonometer so that the pressure would be 40+ 2 mm. Hg on equilibration. The tonometers were rotated in a water bath held at 380 C. About five minutes after they were put into the bath the stopcock of each one was opened just beneath the surface of the water in the bath, and the gas was allowed to escape so that the total pressure at equilibrium was that of the atmosphere. Thereafter the rotation of the tonometer in the bath was continued for another fifteen minutes; equilibrium was established in that time.
Samples of blood were withdrawn from the tonometers into well-oiled syringes by means of a needle thrust through the rubber stopper that closed one end of the tonometer. After the needle was removed the syringes were capped and the bloods stored in them until they were transferred to the pipettes for the introduction of measured volumes into the manometric apparatus of Van Slyke for the determination of oxygen content. All the determinations of the oxygen content were done in duplicate on 0.5 cc. samples except those on the bloods of fetuses younger than 80 days; the quantity of blood available from these was so small that the analyses were done in duplicate on 0.2 cc. samples. The gases in the tonometers were analyzed by means of the Henderson-Haldane apparatus, and the oxygen and carbon dioxide pressures were calculated from the barometric pressure after correction for the water vapor pressure at 38°C. With these results and those of the percentage saturation of the bloods at different oxygen pressures, dissociation curves were constructed for the fetal and maternal bloods. The oxygen pressures in the small samples drawn from the umbilical and uterine vessels were estimated by referring their percentage saturation to the appropriate curves.
These curves were used for the estimation of the oxygen pressure in the venous samples as well as the arterial, since data at hand (unpublished results) indicate that the increase in oxygen pressure required to hold the saturation of the maternal blood constant at 70 per cent-a saturation characteristic of blood from the uterine veinsas the C02 pressure is increased from 40 to 50 mm. Hg varies in my experiments between 0.3 and 0.4 mm. per mm. increase in CO2 tension. As the C02 pressure in the maternal blood increases 3-5 mm. as it passes through the placenta, the oxygen pressure required to bring about the venous level of saturation at the elevated C02 pressure would not exceed that required at 40 mm. by more than 2-3 mm. Hg; that is to say, the use of the oxygen dissociation curve prepared at a C02 tension of 40 ± 2 mm. for the estimation of the oxygen pressure in the maternal venous blood from the placenta appears to introduce a source of error that does not exceed 2-3 mm., an error that would appear to be no greater than those associated with the sampling of the blood in the placental veins. Similar observations on fetal blood indicate that the use of the oxygen dissociation curve prepared at 40 + 2 mm. Hg of C02 pressure for the estimation of the oxygen pressure in the umbilical artery does not introduce any error if the saturations are below about 60, and an error of not more than 2-3 mm. if the saturations are between 60 and 80 per cent. Hence, I have assumed the pressures so estimated to be representative of the pressures in the umbilical artery.
As an index of the effect of the tissue barrier of the five layered (syndesmochorial) placenta on the transfer of oxygen from the maternal to the fetal blood, I have estimated the coefficient of oxygen utilization of the cotyledons, i.e., that fraction of the total oxygen in the blood of the uterine artery which leaves it through the capillaries of the cotyledons (I have multiplied the fraction by 100 to obtain a whole number):
02 content of uterine artery -02 Content of cotyledonary vessels x 100 = Coefficient 02 content of artery of utilization The oxygen that leaves the maternal arterial blood during its passage through the cotyledonary capillaries I have assumed to be taken up by the fetal blood and removed from the cotyledon, and it should be clear that conclusions drawn from these data rest upon the validity of the assumption. But, on the basis of present evidence, it would appear to be justified by the facts for by the fiftieth day of gestation and after, the amount of active maternal tissue in the cotyledon is very small indeed; the prominent structures are the maternal vessels and the fetal villi bearing rich capillary nets on strong cords of Wharton's jelly (Barcroft and Barron').
RESULTS

Oxygen dissociation cuirves of maternal and fetal blood
The oxygen dissociation curves prepared from the bloods of the six ewes that were not pregnant and had not recently been so, when plotted fell within the area limited by the dotted lines in Figure 1 . Of the twenty-four curves prepared with blood from pregnant ewes, twenty lay when plotted within an area on the right margin of the limits for the barren ewes; the other four, Nos. 54, 58, 55, and 60-60, 117, 139, and 140 days' postinsemination respectively-were when plotted still farther to the right and quite outside of the area that included the curves for the barren sheep. The limits of the area that includes all the points on the curves of the bloods of the pregnant ewes are indicated by the solid lines in Figure 1 .
All the points on the dissociation curves prepared with bloods from fetuses 111 days' postinsemination and younger when plotted fell within the narrow limits described in Figure 1 . The fetal curve characteristic of this period rises rapidly, with but a slight slope to the right from the perpendicular, to a saturation of about 80 per cent; from that level it deviates rather sharply to the right to flatten out and approach the horizontal at a saturation of about 90 per cent. The curves of blood from fetuses in this age range, 50-111 days, are quite to the left of the area characteristic of the barren as well as of that of the pregnant ewes. To produce a saturation of 50 per cent in the blood of the pregnant ewe required an oxygen pressure between 42 and 49 mm. Hg, whereas the blood from fetuses in this age range was half saturated with oxygen at pressures between 17 and 19 mm. The points on the curves prepared with blood from fetuses 122 days or older all fell to the right of the area characteristic of bloods from fetuses 50-116 days, but some distance to the left of the area enclosing points on the curves of the bloods of barren ewes (see Fig. 2 ). The degree to which a particular curve is shifted to the right toward the adult range tends to increase with age of the fetus from which the blood is drawn, but there are exceptions so that the position of the dissociation curve cannot be predicted if the fetus providing the blood is more than 110 days old. This tendency of the curve to shift from the early fetal toward the adult type appears in this series of fetuses to manifest itself first between 116 and 121 days, for Fig. 2 and Table 2 .) The postnatal changes in the character of the oxygen dissociation curves have been followed and are presented in the following paper.
The oxygen pressure gradient between the maternal and fetal bloods As pointed out above, the oxygen pressure in the blood entering and leaving the placenta was estimated by determining the percentage saturation of a small sample of blood, 02 conte = %o saturation, then locating 02 capacity the point on the dissociation curve prepared with the larger sample of blood, and reading off the oxygen pressure corresponding to that saturation. The The oxygen content of the sample from the umbilical artery was 8.2 volumes per cent, i.e., it was 64.3 per cent saturated (Umb. Art., Fig. 3 ). Reference to the fetal dissociation curve prepared with this same blood indicates that at this stage in development an oxygen pressure of 20 mm. is required to saturate the blood to that degree (Umb. Art., Fig. 3 ). As the blood leaving the placenta via the umbilical vein is in equilibrium with blood entering through the uterine artery, the difference of 38 mm. in the oxygen pressures of the bloods of these two vessels represents the gradient at the arterial ends of the parallel capillary cords in the placenta, while the difference in oxygen pressure in the bloods of the uterine vein and umbilical artery-in this case also 38 mm.-typifies the gradient at the venous ends of the capillary cords.
The results obtained by treating in this manner each one of the blood samples obtained from the twenty-five pregnant sheep are presented in Table 3 . The upper figure in the column headed MpO2 -FpO2 (the oxy-gen pressure in the maternal vessel -the oxygen pressure in the opposing fetal one) is the estimated oxygen pressure difference at the arterial ends of the placental vessels; the lower figure is the pressure difference at the venous ends. These differences in pressures as well as the pressures in the two umbilical vessels are represented graphically in Figures 4 and 5 respectively. The coefficient of oxygen utilization
The oxygen contents of the bloods of the uterine artery and vein of the ewes in the series used for the estimation of the placental oxygen pressure gradient are repeated in Table 4 , which includes data from two other sheep. The difference in the oxygen contents of these two vessels, which represents the fraction of the oxygen lost to the uterine tissues and the fetal blooda relatively small proportion appears to be utilized by the former-is used together with the oxygen content of the uterine artery in the calculation of the coefficient of utilization. The data from the individual ewes are presented in two subdivisions of the table; the upper includes those based on the results of the ewes that had singlets, the lower the data derived from the blood of ewes with twins. The average figures given for the oxygen content of the uterine artery, the difference in the oxygen contents of the artery and vein, as well as the coefficient of utilization are included to be used later for purposes of discussion simply as representative or characteristic values.
DISCUSSION
In addition to the purpose they serve in the estimation of the oxygen pressure across the placenta, the observations presented here on the characteristics of the dissociation curves of fetal and maternal sheep blood provide a basis for some inferences with regard to the changes that may occur in the blood of an individual fetus with advancing development, as well as those changes occurring in the blood of the pregnant ewe during the course of gestation; moreover, they permit a comparison of the dissociation curves with those of other species having syndesmochorial placentae, i.e., the goat (Barcroft et al.') and the cow (Roos and Romjin' ').
As the curves prepared with bloods of fetuses of 116 days and younger all fall within the same narrow limits, the data suggest that if curves were prepared with the blood of a single fetus at successive stages in development, they would be similarly uniform in their contour and position until about 120 days; after that date-allowing a few days either way for individual variation-the data indicate that curves prepared with blood from this same fetus, as gestation advances, would lie progressively farther to the right and become more sigmoidal in character to approach the position and contour of curves of blood from normal mature sheep. This suggestion is supported by observations at regular intervals on the dissociation curves of bloods of individual lambs delivered by caesarian section (Barron2).
The shape and the position of the dissociation curve of the fetal blood prior to about 120 days appear to be due to the presence in the corpuscles of a haemoglobin that differs from that found in adult corpuscles in at least two features. These features are: (i) its solubility (Karnoven") and (ii) the form of its oxygen dissociation curve when prepared with dilute solutions (Hill'6) . The solubility of the haemoglobin of fetuses older than 115-120 days Karnoven found could be duplicated by mixing appropriate amounts of haemoglobin of adults with that of fetuses younger than 115 days. The shift of the dissociation curve to the right in the final month of gestation appears to be due to the appearance of the adult type of haemoglobin in increasing amounts and a concomitant decline in the proportion of the fetal type. Whether this adult haemoglobin is confined to specific red cells and the fetal type to others, or whether a mixture of both is to be found in any single cell, the data at hand do not suggest; but clearly the adult type of haemoglobin makes its first appearance at a fairly specific stage in the development of the sheep fetus.
The stable character of the dissociation curve of the fetal sheep's blood during the greater part of the gestation period, as well as the position relative to the maternal, contrast rather sharply with the corresponding aspects of the curves of the fetal blood of the kid-a closely allied species. Barcroft and his collaborators' found that the points determined with bloods of the youngest fetal kids, aged 10 weeks and 10 weeks and one day respectively, fell in the area including curves of normal animals; with bloods from individuals at more advanced stages in gestation-13 weeks 3 days, and 14 weeks one day-the points at the higher saturations, circa 70 per cent, remained within the adult field or close to it, whilst the points at lower saturations-50 per cent and less-were to the left of the adult field, i.e., there was a tendency for the fetal and adult curves to cross at higher saturations. With bloods of individuals still later in gestation these points at higher saturations moved to the left so that the fetal curve lay just to the left of the adult; earlier the curve tended to be hyperbolic but as the term was approached it was definitely sigmoidal and might lie within the field of the adults.
These differences between the curves of the fetal sheep and the goat are the more striking when they are considered together with the observations of Roos and Romjin"-" on the blood of the fetal cow. Their series is not large but their curves for the blood of the youngest fetal calves-3 and 3Y2 months respectively-are very similar in position and contour to those described here for the fetal sheep up to circa 115-120 days; the transition, in position and contour, toward the adult type of curve appears to be underway in the fetal calf at 5,r months of gestation age and to progress-with due allowance for individual variations-until birth, though it is not complete at that time. At the moment no explanation is at hand which will account for the apparent regularity with which the dissociation curves of the fetal lamb and calf change during gestation and the apparent absence of such regularity in the blood of the fetal goat, but it may be that these differences will be found associated with differences in the period in development at which the adult type of haemoglobin appears in fetal blood and the circumstances that govern its production. In contrast to that of the fetal, the position as well as shape of the maternal oxygen dissociation curve appear to remain relatively unchanged throughout the entire gestation period; the data indicate that there may be in some individuals a tendency for the dissociation curve to be shifted to the right of the area including curves for barren sheep but it is clear that the shift does not occur pari pasu as gestation advances nor is it characteristic of any interval in the gestation period.
As the type of haemoglobin in the maternal corpuscles is unaltered in pregnancy (Barcroft' ) the data permit the further inference that there is no alteration in the hydrogen ion concentration of the maternal blood in pregnancy-no pregnancy acidosis-such as Barcroft et al.5 described in pregnant goats. This inference is supported by a large series of observations on the pH of the blood of pregnant sheep made at regular fortnightly intervals before, during, and after their pregnancy (Barron, unpublished) . In this respect, too, the circumstances in pregnant sheep resemble those in the pregnant cow; the dissociation curve of the blood of the pregnant cow falls within the range for normal barren animals. Though it may be no more than coincidence, it is of interest that in these two species in which the maternal dissociation curve appears to be unaltered by pregnancy, the fetal curve is placed far to the left of that of the normal adult; in the goat, the fetal curve lies relatively near the region of the adult, but because of the shift in the position of the maternal curve the fetal and maternal are widely separated; the separation of the two curves, fetal and maternal, whatever the mechanism by which it is wrought, serves to promote the transfer of oxygen from the maternal blood to the fetal.
The comparative studies of Hall and his collaborators' on the oxygen dissociation curves of the bloods and haemoglobins of birds and mammals indigenous to terrain at high altitudes where the oxygen pressure in the atmosphere is reduced have shown that the curves of these bloods tend to be placed to the left of those for bloods of closely allied species with a native habitat at or near sea level-an obvious adaptation to the environment. The position of the fetal curve suggests then, in accordance with Hall's observations, that the oxygen pressure to which the fetal blood is exposed is likewise relatively low-a suggestion that is born out by the data at hand, for oxygen pressures of 55 and 56 mm. were the highest that were observed in the arterialized blood of the umbilical vein draining the cotyledons of the placenta. In fact, oxygen pressures of more than 40 mm. were only found in the umbilical vein bloods of the fetuses of 80 days' gestation age or younger; the pressures in the arterialized blood of fetuses 81 to 111 days ranged between 30 and 38 mm. In older fetuses up to 126 days' gestation age the pressures were still lower, ranging between 32 and 34 mm. Hg; the oxygen pressures in the arterialized blood of the fetuses in the final week of the gestation period, 136-140 days, were slightly higher than those in younger fetuses. The range was between 36 and 46 mm. Hg.
Further, these data indicate quite clearly that the oxygen pressure in the blood of the fetal umbilical vein tends to be within particular ranges at different stages of gestation; and it follows that if the oxygen pressure in the blood of the umbilical vein of an individual fetus could be followed through the portion of the gestation period under consideration here, it would vary in a similar manner as gestation advances. These variations in oxygen pressure as they occur in a single fetus might be represented by the smoothed curve in Figure 4 ; and if this curve be accepted as a first approximation of the pressure variations with time, some inferences may be drawn with regard to the circumstances responsible for these variations.
The data at hand provide no evidence that the variations in oxygen pressure of the blood leaving the cotyledons are due to or associated with variations in the oxygen pressure in the maternal arterial blood; the sheep appears to ventilate poorly when placed on its back, and there are wide variations from individual to individual in the oxygen level of the arterial blood on the maternal side but they do not appear to be correlated with the changes on the fetal side. Nor do these changes in the oxygen pressure in the fetal blood appear to be correlated with the changes in the organization of the vascular beds of the placenta; the period up to 80-90 days' gestation age during which the oxygen pressure is highest corresponds to the period during which the maternal tissues are erroded and the final structure of the placenta, i.e., its syndesmochorial character, is established and in which the fetal vascular bed in the placenta approaches its maximum development (Barcroft and Barron4; see also Barcroft,8 p. 74). Thereafter, the proximity of the fetal and maternal capillaries and the surface area of the fetal capillary bed appear to remain substantially unchanged until the end of term. Hence, the fall in oxygen pressure in the umbilical vein blood from the 80th day of gestation onward does not appear to be referable to changes in the physical features of the placenta, and there remains to be explored the possibility that the fall in pressure is due to circumstances that result from the development of the fetus itself.
During the first 80 days of the gestation period, the fetus increases in weight to about 200-250 grams; in the next forty days the weight increases sevenfold (Barcroft, 8 p. 33) . If the oxygen requirements of the fetus increase in approximately the same proportion as the weight, then they too will have risen sevenfold despite the fact that the fetal capillary surface through which oxygen can enter the fetal blood will remain virtually unchanged. Now the forces that determine the quantity of oxygen (cc.'s per minute) that will diffuse from the maternal to the fetal blood across the placenta of an 80-day fetus are: (i) the difference in oxygen pressure in the bloods in the two sets of capillaries; (ii) the size of the capillary bed with the smaller surface area; and (iii) the resistance offered to the movement of the gas by the maternal and fetal capillary walls together with the tissues that separate them.
These forces can be related and expressed as follows:
(Pm -Pf) X Ca R where Q = cc.'s of oxygen transferred per minute from the maternal to the fetal blood; Pm and Pf represent the average oxygen pressures in mm. Hg in the maternal and fetal capillaries respectively; Ca the surface area of the smaller of the two capillary beds in square mm.-in this case apparently the fetal; and R the resistance offered by the tissues separating the two bloods.
As the fetus grows in the period after 80 days its oxygen requirements increase, that is to say, Q must increase apace, but Pm appears to be fixed; so too Ca, the surface area for diffusion, and R the resistance offered by the tissues. Pf appears to be the only factor on the right side of the equation subject to any appreciable change as gestation advances; a reduction in Pf would, other things being equal, increase the quantity of oxygen transferred per unit time and serve to meet the demands of the fetus.
Thus far in the discussion of this point, I have presented evidence that the oxygen pressure does drop in the umbilical vein after about 80 days and that such a drop would serve to increase the fetal oxygen supply; indeed, it appears to be the only device by which the oxygen demands of the growing fetus could be met. If now one could show that during this period the fetal circulation is adjusted to produce such a drop in the oxygen pressure of the fetal blood as it leaves the placental capillaries, the thesis would be strengthened. The evidence on this point is as follows.
The oxygen pressure in the fetal capillaries of the placenta will depend, other circumstances remaining the same, on the rate at which the oxygen arriving there is removed by the fetal blood, and that rate will depend in turn on the rate of blood flow through the fetal capillaries and the amount of oxygen removed per unit volume. The beautiful studies of Cooper, Greenfield, and Huggett7 (see their Fig. 1, p. 162) demonstrate the tremendous increase in umbilical-placental blood flow that occurs as the age of the fetus studied moves past the 80th day toward term-from around 50 cc.'s per minute at 80 days to something in the neighborhood of 300-350 cc.'s near full term. This increase in blood flow through what appears to be a vascular bed with its surface area fixed at about 80 days, together with the steady rise that occurs in the oxygen capacity of the fetal blood, would appear to provide the mechanisms for the reduction of the oxygen pressure observed in the fetal capillaries and so to promote the transfer of oxygen from the maternal to the fetal blood.
In passing it may be worthwhile to point out that the sequelae of the procedures essential to the operative delivery of the umbilical vessels and for withdrawing the blood samples are those that would tend to lead to uterine contraction and so to a reduction in the rate of flow of blood through the fetal and maternal capillaries; such a reduction in flow should serve to increase the oxygen pressure in the fetal blood leaving cotyledons and so to reduce the gradient in pressure between the oxygen in the maternal arterial and fetal arterialized blood. If this reasoning is sound, it would appear that the lower pressures in the umbilical vein and the higher pressure differences between maternal and fetal bloods may be more representative of actual conditions in the intact uterus than are the lower.
The oxygen pressure of the blood in the umbilical artery is, of course, determined by circumstances in the fetus. In accordance with expectation, the data at hand indicate they are lower than those in the corresponding samples from the umbilical vein. Moreover, in these pressures there appears to be a variation that is associated with the ages of the fetuses studied; the pressures are low in the youngest fetuses, ranging between 5 and 13 mm. Hg for those between 56 and 65 days' gestation age. so small relative to the pressure changes in the blood of the umbilical vein that they might at first glance appear to represent the variations associated with the technique of sampling, but it must be regarded as more than coincidence that similar fluctuations associated with the corresponding fetal ages are to be found in Barcroft's data8 (p. 146) on the percentage saturation of the blood in the umbilical artery in his series of fetuses. If these saturations are used to estimate oxygen pressures, employing dissociation curves illustrated here for the appropriate fetal ages, the pressure variations with advancing age show the same trends as those illustrated in Figure 4 . Accordingly, as a first approximation one may not be too far from the mark if he assumes that the variations in pressure with advancing age in an individual fetus could be represented by the smoothed curve in Figure 4 .
If the variations in the oxygen pressure in the umbilical artery do correspond in any one fetus to the smoothed curve, the question follows:
"What are the circumstances in the fetus that are responsible for them?" At the moment no final answer can be given; they might be due to variations in the oxygen utilization of the fetal tissues, but there is a greater likelihood that they are associated with fluctuations in the fraction of the arterialized blood, returning from the placenta via the inferior vena cava to the heart, that is diverted into the right ventricle to find its way back to the aorta through the ductus arteriosus. The greater that fraction is relative to the superior caval return, the higher the oxygen pressure in the umbilical artery will tend to be. When the fraction is a constant one and the oxygen utilization by the upper circulation represented by the superior caval return is constant, then the oxygen pressure in the umbilical artery will tend to follow but be below that in the umbilical vein. The data presented here further indicate that the difference in pressure (Pm -Pf) required to provide for the transfer of oxygen across the tissue barrier of the placenta at the rate it is utilized by the developing fetus is of the order of 40 to 50 mm. Hg from about 80 days' gestation age onward until the end of term-a pressure difference similar to that found by Huggett'7 (the first to investigate the subject) to exist across the capillaries of the syndesmochorial placenta of the near term goat; by Barcroft,3 and Roos and Romjin,' in their studies in the sheep and the cow respectively; and in the older members of a small series of nine cases I reported earlier (Barron') at 97-147 days. In the younger fetuses in that series the differences I found to be of the order of 11 to 23 mm., but these values appear to be too low due to the fact that the dissociation curve used for the estimations of the pressures in the fetal blood was not characteristic of the stage represented-a fact that became evident only after I had prepared other curves from the bloods of fetuses in this age range. Barcroft estimated the gradient in two sheep, one 111 days, the other 152 days; Roos and Romjin's five cows were in the last two months of the gestation period. The results of Barcroft and of Roos and Romjin are of further interest for they did not attempt to estimate the average pressure gradient but instead the pressure gradients at each end of the parallel cords of the maternal and fetal capillaries. Here again there is agreement between their observations and my own, for they found the pressure difference to be greater at the arterial ends of the parallel cords of capillaries than at the venous.
More specifically, the data presented here indicate that the pressure gradient is steeper at the arterial ends of these capillary cords than at the venous by an amount that varies between 0 and 47 mm. Hg in the fetuses 80 days' gestation age or older. The greatest differences in the gradient pressures at the two ends were found in sheep Nos. 52, 5, and 58 (116, 120, and 121 days' gestation age respectively). Each of these ewes bore twins. The data are not sufficient to establish the point but there is the suggestion in them (see Fig. 5 ) that in those twins sacrificed in the last third of gestation, the pressure difference at the venous ends of the capillaries is less than that characteristic of ewes bearing singlets, whereas it is greater at the arterial ends in the same circumstances. The factors that result in the difference in the slope at the two ends of the capillary cords have yet to be discovered but they will be found to be associated, in all probability, with the rate at which the fetal and maternal bloods move past each other through the placental capillaries.
In any case the slope of the gradient at the venous ends of the capillaries is of prime importance to the mother, for it serves to limit the fraction of the oxygen content of each cc. of arterial blood arriving via the uterine artery that can be transferred to the fetus; the other factor is of course the oxygen pressure in the umbilical artery. Their importance would appear to be reflected in coefficients of utilization of the placenta as presented in Table 4 . Despite a certain ruggedness, the data in that table do indicate that the ewe with a singlet is able to transfer to the fetus only a small fraction of the total oxygen brought to the placenta by each cc. of her blood and that the ewes with twins are more efficient in respect to this transfer; in other words, they transfer a larger fraction of the oxygen brought to the placenta. For what it is worth the average of the utilization coefficients for ewes with singlets is 23.2 per cent and for the ewes with twins 44.0 per cent. These figures are fairly representative at least; that is to say, they illustrate the order of magnitude of the coefficient one might expect to obtain if he were to do another experiment, and they serve as useful figures for the extension of one's thinking about the oxygen transfer in the placenta of the sheep along the following lines.
The oxygen capacity of a pregnant ewe may be fairly represented as 15 .0 volumes per cent, the oxygen pressure in the fetal blood returning to the placenta-umbilical artery-as 16 mm. Hg, and the oxygen pressure gradi-ent between the blood in the uterine vein and that of the umbilical artery as 45 mm. On this basis the oxygen pressure in the uterine vein could not be less than 61 mm. Hg and at that pressure the ewe's blood is about 70 per cent saturated. The arterial blood of the ewe in the circumstances of my experiments is of the order of 90 per cent saturated. Hence, the maternal blood could give up to the fetus 20 per cent of its oxygen load-a figure not too far removed from the average 23.2 per cent given above-or 2.7 cc.'s of oxygen for each 100 cc.'s of maternal blood flowing through the placenta. Further, Barcroft's8 figures indicate that the fetal oxygen consumption is of the order of 7.6 cc.'s per minute per kilo near the end of term. If the fetus weighed 2.5 kilos with an O2 consumption of, say, 19.5 cc.'s per minute, the ewe would, on the basis of these figures used above, be obliged to put some 720 cc.'s of blood per minute through the placenta to meet the fetal demands.
The results of such calculations, though they may be wide of the mark in any individual case, probably represent a first approximation to the circumstances associated with the oxygen transfer from mother to fetus in the ewe and they do indicate what might be done on a comparative basis when satisfactory data are available; the research described here is being extended in a search for them.
SUMMARY
To evaluate the role of the tissue layers of the syndesmochorial placenta of the sheep in the movement of oxygen from the maternal to the fetal blood, the oxygen pressure gradient between the two bloods has been estimated at both ends of the parallel cords of placental capillaries by relating the percentage saturation of the samples drawn from the appropriate vessels -uterine artery, uterine vein, umbilical artery, umbilical vein-to the oxygen dissociation curve prepared from the same blood or one of similar characteristics. The range of variation in oxygen dissociation curves of normal ewes and of pregnant ewes has been determined-the latter range overlaps the normal on the right margin to extend beyond it; the curves of fetal blood from fetuses younger than 116 days are to the left of the normal field. Curves of older fetuses tend to lie progressively farther to the right as gestation advances but are still short of the normal field at full term. The oxygen pressure gradient between the fetal and maternal blood tends to be greater at the arterial than at the venous ends of the parallel cords of placental capillaries over the last 60 days of gestation; and this difference tends to be greater in ewes with twins than in those with singlets. The pressure difference at the venous ends is of the order of 38-45 mm. Hg. As the oxygen pressure in the umbilical artery is of the order of 16 to 20 mm., the unloading pressure of the uterine vein is the order 54 to 65 mm. Hg, a tension at which the maternal blood is still about 70 per cent saturated. Estimations of the coefficient of oxygen utilization by the uterus are com-patible with these findings and range from 8.3-41.5 in ewes with singlets to 22.6-65.5 in ewes with twins. The data presented are used to estimate the uterine flow necessary to provide for the needs of the fetus.
